The activation of macrophages by trypsin-digested silk peptides was investigated by considering CD11b and CD40 expression in the RAW264.7 cell, a murine macrophage. Silk protein hydrolysates were digested with trypsin, following by centrifugal purification using the Centriprep 30k concentrator. Trypsindigested total silk peptides and its centrifugal fractions were tested for macrophage activation in vitro. The functional peptide of fractionated silk peptides was examined by LC/MS/MS analysis. Trypsin-digested and fractionated silk peptides of more than 30 kDa induced an increase in the activation markers CD11b and CD40 in RAW264.7 cells. These results are supported by morphological changes reflecting an increase in the number of dendrites in activated cells. The fractionated silk peptides examined by LC/MS/MS contained partial peptides of Bombyx mori fibroin. These results suggest that the activation of RAW264.7 macrophages may be induced not by sericin-derived peptides but by fibroin-derived ones.
Bombyx mori is a domesticated silkworm species, and its cocoon silk has been an important textile source 1a. In recent years, there has been a renewal of interest in the usefulness of silk as a bioactive material 1a,b. Silk protein produced by B. mori consists of two major proteins: fibroin and sericin 1c. Previous studies have emphasized the biological usefulness of sericin because of its moisture-absorbing, antioxidant, and wound-healing properties 1d, 2a. In contrast, previous studies have focused on fibroin for its use in tissue engineering scaffolds, wound dressings, and vascular grafts 1d,2b,c. Recent studies have demonstrated some bio-efficacy of silk fibroin, including its ability to reduce blood pressure, its antitumor activity, and for treatment of atopic dermatitis 3,4a,b. In addition, silk protein has been used to enhance the immune response, ameliorate the progression of skin lesions resembling atopic dermatitis, and facilitate insulin-releasing activity through the induction of β-cell activity in C57BL/KsJ-db/db mice 4b,c,5a.
Recently, an increase in the immune response in mice treated with silk protein has been demonstrated, namely an antiprotozoal effect on Toxoplasma gondii, a zoonotic protozoan 4c. The protective immune response to T. gondii usually entails the activation of macrophages as well as T cells 5b. A macrophage is an antigenpresenting cell (APC) and plays an important role in innate immunity and helper T-cell immune responses 5c,6. The activation of macrophages to microbial ligands results in an increase in surface molecules such as CD11b and CD40 5c,6. CD11b is an activation marker of macrophages and is expressed on the surface of monocytes, granulocytes, macrophages, and natural killer cells. CD40 is a co-stimulatory molecule in APCs and is an essential mediator of T-cell activation for the secretion of IL-12 and TNF- 5c,6. In this regard, the present study identifies the specific fraction in silk peptides not only for the activation of macrophages as effector cells for an innate immune response but also APCs for an immune response mediated by T cells. For this purpose, this study examines two biomarkers on the surface of the RAW264.7 cell, a murine macrophage -CD11b and CD40-which increase during the activation of macrophages.
With LPS treatment, the expression of CD11b and CD40 in RAW264.7 cells increased by 58.9% and 86.6%, respectively ( Figure 1A and 1F ). For an analysis of the synergistic effect of LPS and silk peptides (TSP) on the expression of CD11b and CD40, LPS and TSP were co-treated during cell culture. The results indicate that CD11b expression was slightly lower in co-treated cells (49.7%) than in LPS (58.9%), suggesting no synergetic effect of LPS and TSP on CD11b expression. By contrast, TSP treatment induced a 24.2% increase in CD11b expression in RAW264.7 cells. Similarly, FSP>30 treatment induced a 26.3% increase in CD11b expression, and FSP<30 treatment, a 3.8% increase. In terms of CD40 expression, TSP treatment induced a 30.9% increase in CD40 expression, and FSP>30 treatment, a 36.5% increase. LPS treatment induced an 86.6% increase in CD40 expression, and co-treatment of LPS and TSP, a 77.9% increase. There was no synergistic effect of LPS and TSP, and FSP<30 had no effect on CD40 expression ( Figure 1F For an analysis of morphological changes in RAW264.7 cells after silk peptide treatment, the cells were cultured with either peptides (TSP, FSP>30, or FSP<30) or LPS for 24 h in six-well plates ( Figure 2 ). When RAW264.7 cells were not stimulated, they had no dendrites, which increase in activated macrophages (Figure 2A ). However, those cells treated with LPS had many dendrites at 24 h after culture ( Figure 2B) . Similarly, the addition of either TSP or FSP>30 induced the production of many dendrites ( Figure 2D and 2E).
By contrast, FSP<30 treatment did not induce the formation of dendrites ( Figure 2F ), and the morphology was similar to that of normal RAW264.7 cells (Figure 2A ). 
Figure 2:
Morphological changes in RAW264.7 cells after treatment with silk peptides. RAW264.7 cells were incubated for 24 h with LPS, LPS+TSP, FSP>30, or FSP<30. Then the cells were observed under a microscope for dendrites in RAW264.7 cells treated with each of the aforementioned cell stimulants. Arrows indicate macrophage dendrites. Cell images were taken at original magnification x 400.
Figure 3:
Verification of residual enzyme activity after the digestion of silk protein hydrolysates with trypsin. Silk protein hydrolysates were digested with trypsin, followed by enzyme inactivation at 95℃ for 30 min. For an analysis of residual trypsin activity, BSA was added to the digestion mixture. In addition, proteolysed samples were loaded on a 15% polyacrylamide gel. M: Marker; Lane 1: BSA; Lane 2: BSA+Trypsin; Lane 3: BSA+Heatinactivated trypsin; Lane 4: BSA+TSP (1:1); Lane 5: BSA+TSP (1:2); Lane 6: BSA+TSP (1:5).
Trypsin was used for the proteolysis of silk protein to augment the absorption of ingested proteins. For an analysis of residual trypsin activity, BSA was used ( Figure 3 ). Lane 1 shows intact BSA (63 kDa), and lane 2, trypsin-digested BSA. Lane 3 shows undegraded BSA when heat-inactivated trypsin was added. Here, heat inactivation reduced the proteolytic activity of trypsin.
For an analysis of residual trypsin activity after the proteolysis of silk protein, the reaction product of silk protein with trypsin was mixed with BSA for further proteolysis in the ratio of 1:1, 1:2, or 1:5 for BSA to the reaction mixture of trypsin and silk peptides. The results indicate no further proteolysis of BSA in the reaction mixture of trypsin and silk peptides (lanes 4, 5, and 6). This implies that there was no residual trypsin activity in trypsin-digested silk peptides and thus there was no relationship between residual trypsin activity and the activation of RAW264.7 cells. The silk peptide fraction of FSP>30 was concentrated using Centriprep 30K and analyzed by LC-MS/MS. Peptide sequences were aligned and counted by plot scores by using MASCOT (Matrix Science, www.matrixscience.com). Ten peptides were selected from the list of top hits (Table 1) . The scores ranged from 70 to 90, and other putative peptides such as Pep1, hCG, CasC, and HlyD as well as fibroin-derived peptides were also detected (Table 1) . However, because the results of the MALDI-TOF analysis indicate a portion of some peptides, B. mori fibroin-derived sequences DIDDGK and SIAILNVQEILK were considered as a main ingredient of FSP>30. Here no sericin fragment was found in silk peptides of FSP>30. Although this result does not clearly suggest that the two targeted sequences are functional peptides, fibroin-derived peptides may be major peptides in FSP>30.
Previous studies have emphasized the usefulness of silk protein in textiles 1a. However, there has been some concern over its biomedical and biomaterial applications such as cosmetics and functional foods because of its safety and functional characteristics 1b-d,2a,b, 3,4a-c,5a. In this regard, silk protein has been known to have a favorable effect on diabetes, blood pressure, anti-tumor activity, skin lesions resembling atopic dermatitis, and antiprotozoal activity 3,4a-c,5a . A recent study examined the ability of silk protein to induce immunity to infection or enhance the immune system by activating immune cells 4c. When BALB/c mice ingested silk protein hydrolysates, they were immune to T. gondii, an intracellular protozoan, and this protective immunity was characterized by increases in CD4 + -and CD8 + -T cells, and a sharp increase in IFN-γ 4c. These results suggest that silk protein can be used as a natural compound for enhancing immunity 4c. As a result, there has been growing interest in the role of silk protein as a functional material for various applications in the biological, biomedical, and biotechnology fields.
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Silk protein consists of fibroin and sericin, which have distinct characteristics and biological functions 7. Fibroin is a glycoprotein composed of two equimolar protein subunits of 370 kDa and 25 kDa covalently linked by disulfide bonds 7. Sericin contains 18 amino acids, including essential amino acids. Sericin accounts for approximately 20-30 % of total cocoon weight 7, and, therefore, B. mori silk protein hydrolysates prepared from CaCl 2 treatment contain 70-80% fibroin and 20-30% sericin. In a recent study, enzymatic degradation was used to extract bioactive peptides from silk protein 7,8,9a. Collagenase IA, -Chymotrypsin, Protease XIV, Protease P, Alkylase, Alkaline protease, Trypsin, Protease N, Alcalase2.4L, As 1.398, and Neutrase have been used for the enzymatic degradation of silk protein. Among these, trypsin is a serine protease found in the digestive system of many vertebrates, where it hydrolyses proteins 9b. Trypsin has been found to cleave the Arg-Gly bond toward the insulin β-chain at pH 8.0 10a. Although the enzymatic hydrolysis of silk protein has been attempted using various enzymes, trypsin is a safe endogenous enzyme used in the food industry. Tryptic hydrolysis has been well analyzed in the food science field to improve the quality of food products 10b. In the present study, trypsin was used to increase the absorption of silk peptides by pre-performing the digestion process in the digestive tract. The results of the computer-based cleavage site prediction of endopeptidases with PeptideCutter (http://www.expasy.org/tools/peptidecutter/) 11a indicate that the tryptic hydrolysis of fibroin produced peptides of various sizes from 146 Da to 325,525 Da. By contrast, the tryptic hydrolysis of sericin produced peptides ranging from 146 Da to 7,065 Da (data not shown). For the identification of the size-based fraction of silk peptides inducing an immune response, the fraction based on 30 kDa was obtained using the Centriprep 30k concentrator. A recent study found an increase in the immune enhancement of silk protein hydrolysates, namely an increase in T-cell responses 4c. More specifically, the initial immune response mediated by T cells was induced and accelerated by APCs such as macrophages and dendritic cells. Macrophages play a critical role in innate as well as acquired immunity and can induce protective cellular immunity to T. gondii infection. In this regard, we used the RAW264.7 cell, a murine macrophage, to investigate the silk peptide fraction and examine the immune response because trypsin-digested silk peptides can activate macrophages and increase the expression of specific activation markers in macrophages.
LPS can activate macrophages through TLR4 (Toll-like receptor 4) 11b. Macrophages activated with LPS can increase the expression of CD11b and CD40. In this regard, RAW264.7 cells can express the activation markers CD11b and CD40 in response to LPS 5a,b,6. In the present study, LPS alone, and LPS with TSP induced a similar increase in CD11b and CD40 expression in RAW264.7 cells. This indicates no synergistic effect of silk peptides and LPS on CD11b and CD40 expression. TSP and FSP>30 induced 24.2% and 26.3% increases, respectively, in CD11b expression. However, FSP<30 induced only a negligible (3.8%) increase in CD11b expression. Similarly, TSP and FSP>30 induced 30.9% and 36.5% increases, respectively, in the expression of CD40, a co-activation marker. Morphological changes in RAW264.7 cells reflected the result in CD11b and CD40 expression. That is, when RAW264.7 cells were not stimulated, they had no dendrites, which generally increase in activated macrophages. However, RAW264.7 cells with LPS treatment had many dendrites at 24 h after treatment. Similarly, TSP and FSP>30 induced the production of many dendrites. However, FSP<30 did not induce dendrite formation. These results indicate that TSP and FSP>30 may activate macrophages through a mechanism different from that of LPS because of a lack of any synergistic effect of LPS and TSP. When macrophages are activated, surface molecules such as TLRs, integrin, and activating receptors increase to recognize pathogens, and there is an increase in cell motility 11b. Although the mechanism underlying the activation of RAW264.7 cells by silk peptides remains unclear, this study's results suggest that silk peptides may activate cells not through TLR 4 but through other activation receptors. As another mechanism, trypsin is a factor that can activate PAR2 (protease-activated receptor 2) and induce superoxide anion production through degranulation by eosinophils 11c. However, trypsin activity was checked in this study through a BSA degradation test, and the endotoxin level was determined using the LAL test kit (data not shown). The results demonstrate no relationship between both these factors and the immune activation of RAW264.7 cells. In addition, immune activation by TSP treatment was consistent with the effect of FSP>30. Further, according to the LC-MS/MS analysis, FSP>30 contained fibroinderived peptides. As discussed earlier, the tryptic degradation of sericin was divided into small peptides of less than 30 kDa, and the results for anti-tumor activity and blood pressure 3,4a suggests that fibroin, a major ingredient in FSP>30, may be a key factor in the activation of RAW264.7 cells. The present study suggests that the activation of RAW264.7 macrophages may be induced not by sericin-derived peptides but by fibroin-derived ones. In this regard, future research should precisely identify the active peptides.
Experimental

Preparation of trypsin-digested silk peptides:
Hydrolyzed silk protein was prepared from cocoons of the silkworm B. mori 4c. The hydrolysates were sterilized by boiling at 90°C ± 3°C. For the additional trypsin digestion of the hydrolysates, trypsin was dissolved in DW and reacted at 37°C for 12 h with the hydrolysates by adjusting at the final trypsin concentration of 0.25%. After the digestion, the trypsin enzyme was inactivated by boiling at 95°C for 30 min. Trypsin-digested total silk peptides (TSP) were concentrated and freeze-dried.
Cell culture and the in vitro treatment of silk peptides: RAW264.7 cells were obtained from ATCC and maintained in DMEM (WelGENE Inc., Daegue, Korea) with 10 % FBS (Gibco, Carlsbad, CA, USA), 1% antibiotics/antimycotics (Gibco), 10 mM HEPES, 2 mM L-glutamine, 2 mM sodium bicarbonate, and 5 x 10 -5 M 2-mercaptoethanol. Cultured RAW264.7 cells were counted and seeded at 1.0 x 10 6 cells/well onto six-well plates. For the in vitro experiment, 5 experimental groups were considered: LPS, LPS + trypsin-digested total silk peptides (TSP), TSP, fractionated silk peptides of more than 30 kDa (FSP>30), and fractionated silk peptides of less than 30 kDa (FSP<30). The concentration of LPS was 10 μg/mL, and that of the other stimulants 0.83 mg/mL for both TSP and fractionated silk proteins (FSP>30 and FSP<30). RAW264.7 cells were cultured in vitro for 24 h and then harvested using cold PBS to prevent cell activation by chemical or mechanical stimulation.
Fluorescence-activated cell sorter analysis:
Harvested RAW264.7 cells were washed with DMEM without FBS by centrifugation at 1,200 rpm at 4 o C for 5 min. The cell pellet was suspended in FACS (fluorescence-activated cell sorter) buffer (1% BSA and 0.1% NaN3). An anti-CD16/32 antibody (eBioscience, San Diego, USA) was applied and incubated for 10 min to block Fc receptors. FITCconjugated anti-mouse CD11b (eBioscience) and PE-conjugated anti-mouse CD40 (eBioscience) were used for the FACS staining of RAW264.7 cells. Both anti-CD11b-FITC and anti-CD40-PE were diluted to 1: 100 with FACS buffer. The number of stained cells
